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Abstract 
The magnetic drug delivery system (MDDS) is a key technology to reduce the side effects in the medical applications. 
We proposed the new magnetic force control system that consists of superconducting magnet, high temperature 
superconductors (HTS) tapes and iron blocks. In this study, it was confirmed that the control of magnetic field gradient 
was possible by arranging the HTS tapes and iron blocks on the superconducting magnet. In addition, the multiple 
racetrack HTS magnets were proposed in order to generate the high field gradient along the longitudinal direction. 
 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Recently, in the field of regenerative medicine, it is noticed that magnetic field applied to the human body can control 
the transplanted cells closely in the body. The techniques for magnetic field concentration are very important, novel 
electromagnets and trapped HTS bulk magnets were fabricated for used in the cell culture and the magnetic drug 
delivery system (MDDS) [1-3]. In these applications, not only the strength of the magnetic field but also the magnetic 
field gradient is needed in order to enlarge the medicinal effects. In general, the strength of magnetic field and gradient 
required to MDDS devices are 54 mT and 5.5 T/m, respectively [4]. In this paper, we proposed a new field control 
method to generate a high magnetic field and field gradient along the longitudinal direction using the HTS tapes. The 
shielding currents in the HTS bulk and tapes due to their diamagnetism by Meissner effect were used for the field 
control and field amplification. The effects of placing iron blocks between stacked HTS tapes for MDDS were also 
investigated experimentally. In addition, the multiple racetrack HTS magnets were proposed and designed in order to 
generate the high field gradient along the longitudinal direction using simple control by constant current. We were able 
to amplify the magnetic field and high field gradients were obtained. 
 
2. Experiments to generate the field gradient for MDDS using the stacked HTS tapes 
 
2.1. Experimental instrument and procedure 
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HTS bulk is very expensive and the cutting of HTS bulk is very difficult. In experiment, in order to generate a 
magnetic field gradient along the longitudinal direction, the system consisted with superconducting magnet (SCM) as a 
field source and the stacked HTS tapes of various height as the field shielding was proposed as shown in Fig.1. The 
number of turns of SCM is 54 turns and wound with YBCO tape wires. The various thickness 5 blocks which stacked 
GdBCO tapes are placed on the SCM with 3 mm intervals. In this study, the width of GdBCO tape is 4.1 mm and its 
thicknesses is 110 μm. The stacked HTS tapes were tied up with several laps of Kapton tape and became the form of the 
block. The SCM and stacked HTS tapes were cooled in liquid nitrogen, and then 30 A was transported in the SCM. The 
magnetic field distribution on the stacked HTS tapes was measured by high resolution Hall sensor, and the magnetic 
fields measured in this study show the z-direction (perpendicular) components.  
 
 
 
 
 
 
 
 
 
Fig. 1. (a) Top view of the SCM and (b) cross-sectional view placed HTS tapes of various heights. 
 
2.2. Experimental results by HTS tapes 
 
 Fig.2 shows the measured x-z plane (z = 0 to 10 mm) magnetic field distribution of the SCM and SCM+HTS tapes.  
When the external magnetic field applied to the HTS tapes, the shielding current with rectangular shape due to Miessner 
effect flowed in the most outer side, and the external field was shielded by HTS tapes. Then, the strength of magnetic 
field at spaces between the HTS tapes was gradually increased according to the increasing the height of stacked HTS 
tapes. We found that it was possible to make a field gradient in the longitudinal direction by arranging the stacked HTS 
tapes of various height on the SCM.  
   
 
 
 
 
 
Fig. 2.  Measured magnetic field maps in the x-z planes of (a) SCM only and (b) SCM + stacked HTS tapes at 30 A transported and liquid nitrogen 
temperature. 
2.3. Improved field characteristics by combination of iron blocks and HTS tapes  
 
  The system consisted with SCM, stacked HTS tapes and iron blocks was proposed as shown in Fig.3 (a). Iron brocks 
with various height were placed between the HTS tapes. Standards iron of S45C was used. The measured x-z plane (z = 
0 to 10 mm) magnetic field distribution of SCM+HTS tapes+iron brocks was shown in Fig.3 (b). Fig.4 shows the 
measured magnetic field profiles of SCM and SCM+HTS tapes or iron blocks at z = 0 and 5 mm (on the red and blue 
dotted lines in Figs.2 and Fig.3 (b)). From Fig.4, external magnetic field was shielded to the portion disposed in the 
HTS tapes, and the strength of magnetic field at spaces between the HTS tapes or placed iron blocks was gradually 
increased according to the increasing the height of stacked HTS tapes and iron brocks. The maximum gradient was the 
case for SCM+HTS tapes+iron blocks. However, the field gradient and field amplification disappear substantially at z = 
5 mm as shown in Fig.4. Therefore, we need to find the other methods to obtain the high field gradient and large field 
amplification in the axial direction. 
 
 
 
 
 
 
 
 
Fig. 3. (a) Cross-sectional view placed stacked HTS tapes and iron blocks and (b) measured magnetic field maps in the x-z planes of SCM, stacked 
HTS tapes and iron blocks at 30 A transported and liquid nitrogen temperature.  
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Fig. 4. Measured magnetic field profiles at (a) z = 0 mm and (b) z = 5 mm on the red and blue dotted line in Fig.2 and Fig.3.(b). 
3. Analysis to generate the field gradient for MDDS with the multiple racetrack HTS magnets 
3.1. Basic property of the multiple racetrack HTS magnets 
 
The multiple racetrack HTS magnets were proposed and designed in order to generate the high field gradient along 
the longitudinal direction using simple control by constant current. The system consisted with the 5 racetrack HTS 
magnets were prepared as a field source as shown in Fig.5. The inner diameter of all racetrack HTS magnet is 30 mm. 
We performed a numerical analysis to confirm the critical current of racetrack HTS magnets, and the magnetic gradient 
and magnetic field strength were estimated when numbers of turns of magnets were changed (20, 40, 60 and 80 turns).  
. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Schematic drawing of top and cross-sectional views of multiple racetrack HTS magnet models.   
 
3.2. Analytical results of the multiple racetrack HTS magnets with 20, 40, 60 and 80 turns 
 
   Fig.6 shows the whole length in longitudinal direction (x-axis) of analytical model and the calculated critical current, 
magnetic gradient and magnetic field strength. The critical current and magnetic field strength are decreased gradually 
as the increase the number of turns, but the magnetic gradient is increased. We designed the multiple racetrack HTS 
magnets for MDDS considering these properties.  
 
  
 
 
 
 
 
 
 
 
Fig. 6. (a) Whole length in longitudinal direction of analytical model, (b) critical current, (c) magnetic field gradient at z =  0, 5, 10, 20 mm and (d) 
maximum magnetic field strength above the coils of the number of turns (20, 40, 60 and 80 turns). 
 
3.3. Proposed multiple racetrack HIS magnets to improve the field gradient 
 
     In order to generate the high field gradient along the longitudinal direction using simple control method, we designed 
analytical model with various numbers of turns. The number of turns of each racetrack HTS magnet is gradually 
increased (20, 40, 60, 80 and 100 turns) as shown in Fig.7 (a). Fig.7 (b) shows the analytical model with the number of 
turns of each HTS magnet is 20 and various spatial intervals.  
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Fig. 7. Schematic drawing of top of and cross-sectional views for analytical models (a) with various numbers of turns (20, 40, 60 and 80 turns) and  
(b) with number of turns of each HTS magnet is 20 and various spatial intervals . 
 
3.4. Improved field characteristics by proposed HTS magnets  
 
     The calculated magnetic field distributions along the longitudinal direction above magnets (z = 0, 20, 40 and 60 mm) 
at 70 A transported were shown Fig.8. Magnetic field gradient along the longitudinal direction was generated at z = 60 
mm. This magnetic field gradient is useful for the MDDS because the approximate distance between the skin surface 
and the blood vessel is more than 20 mm generally. However, the maximum magnetic field strength (32.3 mT) and 
gradient (0.125 T/m) at z = 60 mm are not enough value to apply the MDDS devices. The strength of magnetic field of 
75.5 mT at z = 20 mm is to enough for MDDS, however the field gradient of 0.27 T/m is still not enough. From these 
results, we cannot obtain the magnetic field gradient for the MDDS by the multiple racetrack HTS magnets, but 
required strength of magnetic field for the MDDS devices was obtained.  
 
 
 
 
 
 
 
 
 
Fig. 8. Calculated the magnetic field profiles along the longitudinal direction at (a) z = 0 mm, (b) z = 20 mm, (c) z = 40 mm and (d) z = 60 mm at 70 A 
transported. 
4. Conclusions 
In this study, we developed and investigated the magnetic field source for the MDDS by combination of the HTS 
tapes, iron blocks, SCM and the multiple racetrack HTS magnets using experiments and the electromagnetic field 
analysis. The obtained results in this study were summarized as below,  
࣭We were not able to obtain the magnetic field strength and gradient for MDDS devices only by the combination of 
the SCM and HTS tapes, but these properties were improved by combining the iron blocks, especially the field 
gradient was improved.  
࣭In analysis using the multiple racetrack HTS magnets with 20, 40, 60, 80 and 100 turns, magnetic field gradient along 
the longitudinal direction can be generated at z = 60 mm by the multiple racetrack HTS magnets at 70A transported. 
However the magnetic field strength (32.3 mT) and gradient (0.125 T/m) are not enough to apply the MDDS devices. 
࣭The magnetic field of 75.5 mT and field gradient of 0.27 T/m were obtained at z = 20 mm when operating current of 
coil was 70 A . 
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